The combination of mass spectrometry and ion mobility spectrometry (IMS) employing a temperature-variable drift cell or a drift tube divided into sections to make IMS-IMS experiments possible allows information to be obtained about the molecular dynamics of polyatomic ions in the absence of a solvent. The experiments allow the investigation of structural changes of both activated and native ion populations on a timescale of 1-100 ms. Five different systems representing small and large, polar and nonpolar molecules, as well as noncovalent assemblies, are discussed in detail: a dinucleotide, a sodiated polyethylene glycol chain, the peptide bradykinin, the protein ubiquitin, and two types of peptide oligomers. Barriers to conformational interconversion can be obtained in favorable cases. In other cases, solution-like native structures can be observed, but care must be taken in the experimental protocols. The power of theoretical modeling is demonstrated.
INTRODUCTION
In recent years, mass spectrometry (MS) has evolved as an extremely powerful analytical tool. Many factors are responsible for this development, including the intrinsically high sensitivity and speed of MS analysis, technological advances in ion formation and ion handling (e.g., radio frequency devices such as ion funnels), and progress in data analysis and the manipulation of vast amounts of data. The field of biochemistry is clearly one of the great beneficiaries of modern MS. It is possible today to directly inject minute amounts of a dilute solution of a biological sample into the source of a mass spectrometer and quantitatively characterize the composition of the solution within seconds (1) .
Whereas today's MS methods predominantly probe the primary structure of a biopolymer, the great success of MS raises the question whether MS-based technology can also be used to characterize secondary, tertiary, and quaternary structures of proteins, thereby making it a fast and sensitive complementary method to nuclear magnetic resonance (NMR) and X-ray crystallography. Because one of the most widespread ionization methods used today in MS is electrospray ionization (ESI), in which samples to be analyzed originate in solution and analytes are gently desolvated only milliseconds before MS analysis (2) , the solution-like folding of a protein has the potential to survive the transition into the mass spectrometer. However, the folding of a protein will eventually change in the absence of a solvent. Therefore, a relevant question is, What is the molecular dynamics (MD) occurring on the timescale of a typical MS analysis?
Here we review how ion mobility spectrometry (IMS) can be used to address the question of the structural evolution of a molecule inside the mass spectrometer. IMS characterizes the shape of an ion (3, 4) in the gas phase, and dynamic effects can be seen as a change of shape as a function of time or temperature. Important experimental setups in this context are temperature-controllable IMS drift tubes (5, 6 ) and drift tubes with multiple segments and gates to allow for IMS-IMS experiments (7) . Readers are referred to the sidebar, Methods and Instrumentation, for additional information and the literature for IMS fundamentals (8) and IMS-MS theory, instrumentation, and applications (6, 9) .
SMALL MOLECULES
The conformation of a large molecule (e.g., a protein) is held together by large intramolecular forces. These forces are the result of a highly optimized system of countless hydrogen bonds, salt
METHODS AND INSTRUMENTATION
The work reviewed here was carried out on a series of custom-built mass spectrometers, each equipped with an IMS drift tube. Ions are formed by standard ionization methods (ESI or MALDI) and subsequently analyzed by mass and ion mobility in helium. Mass analysis can occur before or after IMS analysis. IMS requires a narrow ion pulse entering the drift tube. A gated ion funnel is frequently used as an ion storage device to convert a continuous ion beam into pulses, often with little ion loss. Ions travel through the IMS drift tube under the influence of a uniform electric field in the presence of several torr of helium. The helium-ion collision frequency is >10 8 s −1 , and collisions are essentially thermal: The ion kinetic energy gained due to the presence of the electric drift field is ≤1% of the thermal collision energy. Experimental measurement of the drift time allows evaluation of the ion mobility and collision cross section. Special instrumental features required to investigate ion dynamics in the gas phase include a temperature-variable drift cell or a drift tube divided into sections to allow IMS-IMS experiments, with the possibility of ion selection based on cross section in the first IMS section followed by optional ion activation and structural analysis in the second IMS section.
bridges, attractions between polar groups, and other interactions. In a small molecule, conversely, not only is the number of intramolecular interactions much smaller, but also the existing interactions are often not optimal. The limited number of degrees of freedom in a small molecule generally does not allow a high level of optimization of the geometry (e.g., alignment of hydrogen bonds) in intramolecular interactions. Therefore, we expect that the relatively weak noncovalent interactions result in relatively low barriers for interconversion, even between two substantially different conformations. A consequence of low barriers is rapid kinetics and thus highly dynamic systems even at (or below) room temperature. Therefore, small molecules seem to be ideal candidates to observe dynamic effects in the gas phase.
However, the small number of degrees of freedom in small molecules and steric constraints also limits the number of possible conformations. Hence, many small molecules populate just one conformation and are not interesting in terms of dynamics. Moreover, even if more than one conformation is populated, the relative arrangement of the atoms in the molecule may vary only slightly from one conformation to the other, limiting dynamic effects and detection by IMS.
Based on previous work (10, 11), we find that dinucleotides have the right mix of properties: They are small and rigid enough to assume only a small number of notably different conformations, but at the same time they are large enough to exhibit a substantial change in molecular shape from one type of conformation to another. MD simulations indicate (10, 11) that structures can be grouped into a family of open quasi-linear structures in which the nucleobases do not interact with each other and a family of folded structures with interacting nucleobases (π-stacking or hydrogen bond).
Consequently, the deprotonated dinucleotide dTA shows two resolved peaks in the ion mobility spectrum (11) obtained in helium buffer gas cooled to 80 K (Figure 1b) . The compact-to-open intensity ratio of the two conformations is 9:1. However, at approximately 140 K, peak B in the mobility spectrum (open conformation) becomes a shoulder of the large peak (Figure 1f ) , and above 190 K, the shoulder has disappeared and one narrow peak remains (Figure 1c) . In addition, the cross section deduced from the peak position increases slightly from 146Å 2 at 300 K to 151Å 2 at 570 K, whereas theory predicts a decrease from 163Å 2 to 150Å 2 for an open structure and a decrease from 138Å 2 to 124Å 2 for a compact dTA structure in the range 300-600 K (Figure 1d ). The base-base interaction in the compact dTA model structure results from π-stacking of the two aromatic systems.
How do we rationalize these observations? Ions are generated by matrix-assisted laser desorption/ionization (MALDI) (12, 13) in these experiments and travel in vacuum at room temperature to the IMS drift cell (11) . Hence, ions are expected to be hot initially upon laser evaporization, but cooling starts immediately in the expansion off the matrix surface. Ions are likely still somewhat hot upon leaving the source, but if they are subthermal at this point, they get another chance to be heated as they approach the IMS drift cell, where they undergo slightly above-thermal collisions with helium streaming out of the cell. Inside the cell, ions quickly thermalize. Equilibrium experiments (14) confirm that thermal equilibration occurs rapidly on the experimental timescale (0.1-1 ms); therefore, as ions drift through the instrument, they spend the majority of time in this state of equilibrium.
The 80-K experiment indicates that most dTA ions (90%) are frozen into a compact conformation at this temperature, whereas a smaller fraction (10%) is frozen open. The observation of two resolved peaks in the arrival time distribution (ATD) indicates that no interconversion between the two populations of structures occurs during the experiment.
At 140 K, the two ATD peaks are no longer fully resolved, indicating that interconversion between the compact and open structures does happen during the drift time. Using a theoretical simulation based on transport theory (15) , one can evaluate the rate constant for the open → compact process in a fit to the experimental ATD. Analogous analyses in the range 140-190 K allow an Arrhenius plot analysis, which yields an activation energy for the isomerization barrier of E a = 3.2 kcal mol −1 for the dTA system (Figure 1e ). The energy difference, E, between the compact and open states is an important factor determining the 9:1 intensity ratio observed at 80 K for the dTA system. This ratio is frozen in place just as the back-and-forth reactions cease to occur in the cooling process happening at the entrance to the cell at temperatures below 140 K, and it is given by the ratio of the density of states of the two conformations at that point (16) . Employing RRKM (Rice-Ramsperger-Kassel-Marcus) theory (17) and semiempirical calculations (18) (Figure 1d ) indicates that at 300 K the dTA molecules must travel about two-thirds of their total drift time as a compact structure (138Å 2 ) and one-third as an open structure (163Å 2 ) to arrive at the experimental value of 146Å 2 (11) . Near 600 K, conversely, dTA ions must spend nearly 100% of their time in an open conformation (150Å 2 ) to get a match with experiment (151Å 2 ). The theoretically predicted and experimentally confirmed (19) decrease in cross section with increasing temperature for a given rigid structure (e.g., 163Å
2 and 150Å 2 for the open dTA structure at 300 K and 600 K, respectively; Figure 1d ) results from the reduced importance of the ion-helium interaction at elevated temperature (i.e., significant attractive ion-helium forces at low temperatures and essentially hard-sphere collisions at high temperatures) (8, 9) .
How representative are the dTA results for dinucleotides in general? All 16 possible dinucleotide sequences have been analyzed by IMS as a function of temperature, and in all cases, two or three distinct families of structures are populated at 80 K (11). MD simulations indicate that the transition from one family to another involves the breaking or formation of an interaction between the two bases. The base-base interaction results from either π-stacking (as in dTA) or a hydrogen bond (11) . For dAC, dCC, dGC, and dTC, the ATD reveals the presence of all three types of conformations (open, π-stacking, hydrogen bond) side by side at 80 K with the hydrogen-bonded conformation being less compact than π-stacking but more compact than the open conformation. For the other 12 dinucleotides, the population of structures is frozen into two families of conformations at 80 K, but the type of family present varies with nucleotide sequence. 
www.annualreviews.org • Ion Mobility Analysis of Molecular Dynamics
However, interconversion is turned on with increasing temperature in all cases, and barriers were successfully measured for 11 dinucleotides (11) . Measured E a values range from 0.8 to 4.1 kcal mol −1 , and crossing these barriers is rapid at room temperature. An exception is one transition in dCC that exhibits a barrier of 12.9 kcal mol −1 and only becomes rapid above 480 K. Once a rapid equilibrium between different conformations is reached at or above room temperature, the equilibrium shifts toward breaking the base-base interaction with increasing temperature in all cases, as it does for dTA (11) .
In summary, the dinucleotide results indicate that overcoming a barrier of ≤4 kcal mol
is possible at room temperature on the millisecond timescale. A barrier magnitude of 3-4 kcal mol −1 is approximately equal to breaking one water-water hydrogen bond. Conversely, a barrier of 12.9 kcal mol −1 , the equivalent of breaking several hydrogen bonds simultaneously, is high enough to prevent isomerization at 300 K within ≤1 ms.
NONPOLAR POLYMERS
Ionic bonds, hydrogen bonds, and electrostatic interactions between polar groups of opposite sign give rise to strong attractive noncovalent interactions. However, nonpolar molecules contain no (or very few) polar groups by definition and therefore lack the ability to form a network of strong interactions. Hence, we expect a nonpolar polymer chain to be highly dynamic.
However, in the field of MS, we are always dealing with ions. MS methods applied to nonpolar molecules must include a process of adding a charge to the nonpolar molecule. In the most commonly used ionization methods applied today, MALDI and ESI (2, 12, 13), charging of a nonpolar molecule most often involves the addition of an alkali ion to the molecule, with the ubiquitous sodium ion taking a lead role in this process.
The addition of an atomic ion to a nonpolar molecule has a major effect on the molecule's dynamics. Even for a nonpolar molecule, the electrostatic ion-neutral interactions are generally significant. For larger molecules, this usually leads to a complex with the metal ion buried inside, well solvated by the neutral molecule (20) (21) (22) (23) . These chelate structures can be quite stable, with rather limited options for intramolecular motion. However, although longer polymer chains also form a rigid core around the metal center, there are parts of the polymer that end up in the second solvation shell, or even further removed from the charge. And these charge-remote sections can be highly dynamic in nonpolar polymers.
For many applications, ether is the nonpolar organic solvent of choice, and its polymeric form, polyethylene glycol (PEG) [HO(CH 2 CH 2 O) n H], is a great example of a nonpolar polymer. PEG is also a standard sample used for MS calibration and readily picks up an alkali ion in a MALDI source.
PEG-sodium complexes have been analyzed by IMS as a function of temperature (22) . For PEG oligomer sizes ranging from n = 5 to 19, one narrow peak is observed in the ion mobility spectrum independent of temperature. This indicates that all polymer conformations are very similar or that interconversion between largely different conformations occurs rapidly on the experimental timescale. An investigation involving temperature-dependent IMS analyses is able to distinguish between these possibilities.
For sodiated PEG oligomers, the cross section deduced from the IMS peak position as a function of temperature does not follow the trend expected for a rigid molecule (22) . Instead of a slight drop with increasing temperature (19) (see the section Small Molecules and Figure 1d ), the cross section is constant or even increases (Figure 2 ). The increase is most evident for the larger oligomers in the n = 6-19 series: Whereas the cross section stays essentially constant from 300 K to 600 K for the sodiated PEG nonamer, it increases by 5% from 204Å 2 to 214Å 2 over the same temperature range for the sodiated 17-mer. This is clearly a dynamic effect. Charge-remote loops and ends of the polymer chain break away from and return back to the surface of the ion-neutral cluster. This motion increases in frequency and amplitude as the temperature rises. MD simulations confirm this type of motion. Analysis indicates that the Na + ion forms a stable core with seven ether oxygen atoms coordinated to the metal center. As the temperature is raised to 600 K, the uncoordinated PEG chain fluctuates between compact [HO(CH 2 CH 2 O) 17 H]Na + structures with a cross section of 190Å 2 and more open geometries of 245Å 2 (22) . The cross section averaged over the 600-K simulation is 218Å 2 . The same motion at 300 K covers a smaller cross-sectional range of 190-215Å 2 , with the average being 200Å 2 . This 9% temperature effect (200Å 2 → 218Å 2 ) seen in the n = 17 simulation over the 300-600-K range (Figure 2 ) is a lot larger than for Na + solvated by the shorter nonamer chain, which reveals a smaller amplitude oscillation and only a 2.3% temperature effect on the average cross section (128Å 2 → 131Å 2 ). The agreement of the MD-based dynamic model with experiment is good over the 300-600-K temperature range for short and long PEG chains (Figure 2) .
Conversely, a comparison of experiment with the theoretically expected temperature profile for a compact rigid Na + -PEG complex (Figure 2) shows generally good agreement only for short PEG oligomers (e.g., n = 9) and at ≤300 K (22) . For the longer PEG oligomers (e.g., n = 17), this comparison shows worse agreement above 300 K, and it is still somewhat off at 300 K. This indicates that the longer PEG chains undergo more substantial dynamics than the shorter chains, as expected, but the amplitude of motion is still relatively small at 300 K, even for the 17-mer; the really large dynamic effects are seen only for elevated temperatures.
In summary, whereas a sodium ion solvated by a sufficiently long PEG chain (n > 10) forms a highly dynamic complex at elevated temperatures, the motion is largely attenuated at room temperature, at least for polymer lengths up to the 17-mer. MD simulations are in agreement with IMS data and indicate that the 300-K motion is restricted to interconversion between structures that are relatively similar, but interconversion between increasingly different conformations (charge-remote polymer loops bound to the rest of the complex versus unbound) is observed Cross-sectional profile: ion mobility spectrum (or arrival time distribution) plotted on a collision cross-sectional scale (in units ofÅ 2 ) for increasingly higher temperatures, at which only the Na + -O 7 heptadentate core remains structurally stable.
PEPTIDES
In contrast to the dinucleotides discussed above, peptides represent a class of highly flexible molecules that can potentially adopt many different conformations. However, in contrast to nonpolar polymers, flexibility and dynamic effects in peptides can be offset by strong intramolecular interactions, including hydrogen bonds and salt bridges. From a structural biology point of view, peptides represent an intriguing intermediate-size regime because they are, in general, too large to computationally model with high-level theory and too small to adopt stable secondary and tertiary structural elements that would make them amenable to characterization by atomic resolution techniques. For peptides that do not adopt a high degree of secondary structure, NMR yields the time average of a broad statistical distribution of structures that exist in rapid equilibrium. For this same reason, high-resolution X-ray diffraction data are often unobtainable because peptides are inherently difficult to crystallize. Ultimately, this dynamic nature is the most interesting and biologically relevant aspect in defining peptide function. Here, we explore the utility of IMS-MS in providing information about intrinsic peptide structure and discuss how conformations that are energetically preferred in the gas phase can be distinguished from those that might arise from solution.
The equilibrium structure of peptide ions in the gas phase is strongly influenced by intramolecular solvation of the charge(s) on the peptide, by the Coulomb repulsion of those charges, and in some cases by secondary structural elements (24) (25) (26) (27) (28) . As an example of the last, Jarrold and coworkers (29, 30) showed that the addition of a charge on the carboxyl terminus stabilizes the helical macrodipole of polyalanine peptides in the gas phase. However, balancing charge solvation and Coulomb repulsion often dominates in smaller peptides (31) (32) (33) (34) . Here, we focus on bradykinin (BK) (35, 36) with the sequence RPPGFSPFR and specifically on its charge state +3. BK has been well characterized structurally in all of its positive charge states 1-3 (37-43), but triply protonated BK clearly shows the most interesting structural and dynamical properties (42, 43) . It is noteworthy that an elongated BK structure, present in [BK+3H] 3+ owing to charge repulsion (42, 43) , might be most relevant in the context of the BK complex with its receptor, in which the peptide has been reported to assume an elongated conformation (44) .
Peptide dynamics has not been widely studied using MS and IMS. Temperature-dependent studies have been reported on the dissociation of peptide dimers (5) and the helix-to-globule transitions of [Ac-K(AGG) 5 
+H]
+ and [Ac-(AGG) 5 K+H] + peptides (45) . This work has proved valuable in examining thermochemistry and kinetics of two-state phenomena (with few intermediates); the analysis, however, can become convoluted in cases in which many peptide conformations are present in the initial population. In these cases, a multidimensional IMS-IMS approach to analyze one conformation at a time is an effective alternative.
The +3 charge state of BK falls into this latter category. Figure 3 illustrates the dramatic dependence of the cross-sectional profiles of [BK+3H] 3+ on the solvent composition used for ESI (43) . Both the number and relative abundance of mobility-resolved conformations are observed to change with increasing methanol:water and dioxane:water ratios. Ion activation: a method of introducing energy into a molecule through energizing ion-neutral collisions to change the ion's shape or to produce ion fragments carboxyl-terminal β-turn motif previously observed in solution (46) (47) (48) (49) . A more recent study reveals that the transition between the three structures A, B, and C involves cis/trans isomerizations of the three proline residues in BK's sequence (50) . 
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This distribution remains constant over a range of higher activation voltages prior to dissociation, thus indicating the formation of a preferred gas-phase quasi-equilibrium population of states. In summary, a range of solution-like [BK+3H] 3+ peptide structures is preserved in the ESI process and frozen in place during the IMS-MS analysis. Interconversions between various conformations are essentially absent under thermal conditions. However, collisional heating in the gas phase accelerates interconversion and leads eventually to an equilibrium distribution of annealed gas-phase structures. Once ions are thermal again, interconversion shuts down, and the ion population stays frozen in the gas-phase equilibrium distribution.
PROTEINS
Proteins are essentially a larger version of peptides; therefore, intramolecular and intermolecular interactions are very similar in the two systems. However, size matters in collective effects, such as in secondary structures or the shielding of hydrophobic residues from the aqueous solvent. Water-molecule interactions play an integral role in a protein folding to its globally native form. Because of the absence of the hydrophobic effect in vacuo, however, one might begin to rationalize an inside-out protein because of the preference for hydrophobic residues to point out into the low-dielectric environment of the vacuum (51, 52) . Mounting evidence suggests this is not the case for ESI-generated protein ions, at least on the millisecond timescales of IMS-MS analysis (53) (54) (55) (56) .
Here we present ubiquitin data available in the literature and explore how a ubiquitin structure evolves as it comes out of solution in the ESI process and travels through the solvent-free environment of the mass spectrometer. Ubiquitin is an excellent model system for this type of study because its properties are well characterized both in solution and in the gas phase. Ubiquitin is a 76-residue protein in which two helices, a five-stranded β-sheet, and seven reverse turns compose the native structure (57); a more extended and highly helical A state (58) forms in low-pH solutions of >40% methanol (Figure 5a,b) , and an unstructured solution state has also been reported. The native structure state is stable in aqueous solutions to 100
• C. Early on, ESI-MS work on proteins indicated a close correlation between the protein charge state distribution in the mass spectrum and the ESI solution conditions, with denaturing conditions yielding high charge states and native conditions lower charge states (59-61). The ensuing IMS-MS work on a number of proteins, such as cytochrome c (62), lysozyme (63) , and apomyoglobin (64), revealed a set of well-defined structures, some compact, some extended, and some in between. This is illustrated in Figure 5c for the example of ubiquitin (53): Typical for all proteins, lowcharge state ions tend to be compact, broad peaks and shoulders are observed for intermediate charge states, and high charge states present under denaturing solution conditions are extended.
For ubiquitin, charge state 7 is one of the most intense peaks under solution conditions favoring the native state (53, 65) . Its ATD shows essentially one narrow peak of ions with a cross section of of 1,000Å 2 ? The solution structure yields a predicted cross section in helium of 1,150Å 2 (53, 68) . However, MD on this solvent-free native state results in an annealed orientation of the side chains and loose loops on the protein surface (69) and leads to a structure with a cross section 5-10% smaller than the solution native state (53) , in close agreement with the experimentally measured cross section.
The narrow IMS peak C at 1,000Å 2 (Figure 5c ) is actually considerably broader than expected for a single conformation. Selecting a 20-Å 2 slice out of the middle of the peak and following the distribution of the selected ions in an IMS-IMS experiment indicate that the ions are frozen in their conformation and do not change shape during the drift time (70) . Hence, the broadening of this peak results from the presence of many similar conformations side by side that do not interconvert in the absence of a solvent. IMS-IMS experiments also show that the weak shoulder in the range 1,100-1,300Å 2 for charge state 7 results from a range of noninterconverting, more extended structures (70) . Experiments to date cannot answer the question whether these partially folded ubiquitin ions are already present in solution or whether they are a result of the ESI process.
However, collisional activation of the ions can turn dynamics on and can initiate conversion from a compact conformation into a partially unfolded or elongated structure (71) . Moderate activation converts a compact structure into a partially folded one (1,100-1,400Å
2 ), whereas a stronger activation unfolds the protein to a series of well-resolved elongated conformations at approximately 1,600-1,700Å
2 , a result that mirrors what happens as the charge state increases (Figure 5c ).
IMS-IMS-IMS experiments indicate that the unfolding of ubiquitin [M+7H]
7+ occurs along a path of poorly defined intermediates but that the final structure obtained strongly depends on the choice of the starting structure within the initial family of compact conformations.
Whereas native solution conditions yield low charge states and denaturing conditions yield high charge states, charge state 8 is almost always present, at least as a minor peak, under all conditions.
Figure 6 shows [M+8H]
8+ ATDs of ubiquitin for various solvent compositions (all held at pH 2), ranging from pure water to (almost) pure methanol (72) . Ubiquitin is known to remain natively folded in acidified water and to exist in the more unfolded A state in solutions with significant methanol content at low pH (58) . A quick glance at Figure 6 reveals some familiar features: sharp peaks at 1,000Å 2 (prominent in water) and 1,600-1,700Å 2 (prominent in methanol) and broad peaks and shoulders in between. Clearly, desolvated ubiquitin [M+8H] 8+ occurs in a range of structures but among them are at least two well-defined conformations, one connected to the native solution state and one connected to the solution A state.
Eleven Gaussian distributions were used to model all the solution-dependent ATDs in Figure 6 to directly correlate parts of the IMS distribution with populations of structures that are present in solution (72) . In this analysis, six Gaussian peaks were assigned to desolvated conformation families that result directly from the solution structure in water, the native state, because their intensities decrease from top to bottom in Figure 6 (i.e., with decreasing water content in the solvent mixture). Four peaks resulted from the solution A state, which exists in acidic methanol solutions. The A state Gaussians initially gain intensity with increasing methanol content, then plateau, and eventually decrease at high methanol fractions. Finally, one Gaussian was found to increase steadily as a function of the increasing methanol:water ratio; this population was assigned as originating from the unfolded solution state. This analysis led to the first evidence that the A state exists in trace amounts in aqueous solution conditions. The detailed ESI solvent scan approach reveals the cooperative equilibrium between the native and A state populations and offers compelling evidence that differences in the IMS distributions can provide insight into conformational dynamics that occur in solution. ions but mostly the higher charge states 11, 12, and 13, with their ATDs shown in Figure 5c . A series of well-defined extended structures is populated for these higher charge states. Hence, solution conditions favoring the extended A state lead to extended desolvated ubiquitin ions. Modeling predicts a cross section of 1,690Å 2 for the desolvated and annealed A state. The A state is therefore about as equally unfolded as the family of structures E I shown in Figure 5d .
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The secondary structure present in solution surviving the ESI process is strongly suggested by the fact that a ubiquitin molecule in the native state in solution ends up, after ESI, as a compact desolvated ion with a well-defined cross section matching that expected for a desolvated native state and the fact that an A state molecule ends up in a well-defined elongated conformation with a cross section matching that expected for a desolvated A state. However, an extensive theoretical study on ubiquitin [M+13H] 13+ (73) indicated that for this highly charged ion, additional unfolding starts to occur immediately after ESI, resulting in an essentially fully unfolded structure within 2 ms. This is in line with experimental data that show an extended [M+13H] 13+ conformation, E IV , of approximately 2,000Å 2 40 ms after ESI, substantially more unfolded than the A state (53, 74) . Figure 5d indicates the presence of stable intermediates E II and E III in this E I → E IV unfolding process, which are populated for charge states 10-12. The reduced amount of charge and thus the smaller Coulomb repulsive force in these charge states compared to [M+13H] 13+ are likely responsible for the slower unfolding kinetics and for the presence of trapped intermediates. In agreement with experiment, the [M+13H] 13+ theoretical study (73) also identified two stable intermediates, I1 and I2, in the unfolding process of the desolvated A state, with their cross sections indicated in Figure 5d .
Based on the ubiquitin data presented here, we conclude that proteins electrosprayed from solutions stabilizing the native state retain the core secondary structure they have in solution. Minor structural adjustments of the side chains occur rapidly and generally lead to a slight compaction compared to the solution structure. Little or no dynamics is observed once the surface of the desolvated protein is reorganized. Extended or partially unfolded solution structures such as the ubiquitin A state result in highly charged ions, which may further unfold within milliseconds after desolvation due to Coulomb repulsion.
NONCOVALENT COMPLEXES
Noncovalent interactions have a pronounced effect on the shape of complexes of noncovalently bound building blocks, and cooperative effects become increasingly important for larger complexes. In the context of ESI-generated ions, we wonder not only about how much the structure changes from solution to the gas phase, but also whether the complexes are actually already present in solution in the first place.
Numerous ESI-MS studies applying fragmentation strategies, such as collision-induced dissociation, to biologically relevant protein complexes (some of which are reviewed in [75] [76] [77] [78] indicate that the method can be used to determine not only the stoichiometry of the complex but also the relative arrangement of the units within the complex. These examples show that MS results are fully consistent with structural information previously gained by traditional biochemistry methods, indicating not only that the complexes originate in solution but also that the organization of the building blocks in the complex remains in the biologically relevant arrangement. The ability to directly determine such information makes MS an invaluable and widely accepted tool in molecular biology (75) (76) (77) (78) .
IMS-MS methods have proven to be extremely powerful in protein aggregation research (79) (80) (81) . Protein aggregation is related to certain neurological and other diseases characterized by the deposit of large amounts of protein in the form of amyloid fibrils (79) . Traditional biochemistry methods have been able to provide useful information about the macroscopic phenomena of the problem, such as the structural elucidation of amyloid fibrils. However, those methods fail to address issues such as the structures of small oligomers, the relative abundance of specific oligomer sizes, the highly dynamic equilibrium (or steady state) between the various oligomeric states, and the mechanism of oligomerization. The importance of these issues is Cross section as a function of oligomer size n for noncovalently bound homo-oligomer complexes of the peptides YGGFL and NNQQNY. The experimental YGGFL data (dark red squares) follow the trend expected for isotropically growing clusters ( green line). The NNQQNY data set indicates a transition from isotropic growth for small oligomers, n = 1-8, to linear fibril growth (blue line) for larger oligomers, n > 16. highlighted by the hypothesis in the biomedical community that small oligomers might be the toxic species responsible for the disease (82) . A recent IMS-MS study (81) demonstrates how the structure of small oligomers correlates with macroscopic assemblies for a series of peptides. Figure 7 shows IMS data from that study, indicating that (YGGFL) n oligomers extend in all three dimensions in space: The cross section of these clusters as a function of cluster size n follows a curve similar to that theoretically expected for isotropic objects. Atomic force microscopy (AFM) images of precipitates obtained from solutions used in the IMS-MS studies show granular spots, indicating that isotropic growth of YGGFL particles extends to the micrometer scale (81) . These observations suggesting an isotropic arrangement of YGGFL building blocks within small and large aggregates of YGGFL are in perfect agreement with the isotropic crystal lattice observed by X-ray crystallography of YGGFL (83, 84) . Figure 7 also shows data for the peptide NNQQNY. This sequence is a fragment of the yeast prion protein Sup35 and is found to be critically important in the aggregation of this protein (85) . Large amyloid deposits of the prion protein within the central nervous system in cattle are the hallmark of bovine spongiform encephalopathy (also known as mad cow disease) (86) . In vitro studies show that even solutions of the short peptides GNNQQNY or NNQQNY form fibrils (81, 87) . Interestingly, for small oligomer sizes of the NNQQNY peptide, the IMS data are nearly superimposable with those of YGGFL, indicating isotropic particles as well (81) . However, for some of the larger (NNQQNY) n oligomers, n ≥ 9, the experimental data diverge significantly from the isotropic trend line, and for n > 16, experimental data agree much better with cross sections theoretically expected for a linear fibril-like particle (Figure 7) . In the intermediate-size range, n = 9-16, compact and more extended structures coexist. AFM images obtained from the NNQQNY solutions used in the IMS experiments show fibril-like precipitates with an estimated width of 6 nm and a length of up to 60 μm (81).
An X-ray crystallography study of NNQQNY microcrystals reveals that the crystals extend primarily in one direction and that the individual peptide building blocks are stacked on top of each other in a β-sheet conformation, an arrangement typical for all amyloids (88) . This aeolotropic molecular order found in the crystal leads to the theoretically expected fibril model cross sections shown in Figure 7 for small oligomers. The observation that the IMS data follow the fibril trend line for some conformations in the n = 9-16 oligomer size range and especially for sizes n > 16 suggests that a β-sheet-like conformation is already present in oligomers as small as the (NNQQNY) 9 nonamer. The same IMS-MS study reports that the transition from random coil to extended amyloid-like structure occurs for some peptides (such as VEALYL) as early as from the monomer to the dimer (81) .
The strong correlation between IMS-based structural data (of small 10-kDa peptide aggregates) collected in the gas phase and X-ray crystal data (of macroscopic aggregates) suggests that the relative order of the building blocks in the assembly is similar in the crystal and in soluble aggregates and that it survives the transition from solution into the gas phase. This in turn suggests that gas-phase dynamic effects leading to a rearrangement of the building blocks are minimal on the timescale of the IMS experiment (∼100 ms). This is not too surprising considering that the lack of covalent bonds between building blocks minimizes steric strain and allows the formation of a network of highly optimized noncovalent interactions including hydrogen bonds. It is also consistent with the absence of water solvent between the various β-sheets making up the oligomers in solution (and, of course, in the solvent-free IMS experiment). As any rearrangement of building blocks, such as a β-sheet → coil transition, most certainly involves simultaneous breaking of several (and the subsequent reformation of different) hydrogen bonds, the corresponding activation energy must be substantial, likely exceeding 10 kcal mol −1 . The data presented in the section on small molecules (see above) indicate that this magnitude of barrier is not easily overcome at room temperature; therefore, the survival of a solution-based optimum network of hydrogen bonds into the gas phase seems plausible.
SUMMARY POINTS
1. Ion mobility spectrometry (IMS) methods can be used to study the dynamics of polyatomic gas-phase ions on the millisecond timescale. This timescale is typical for most mass spectrometry (MS) methods. Exceptions are ion traps such as those employed in Fourier transform MS, in which ion storage times routinely exceed 1 s and are sometimes as long as minutes or even hours in extreme cases. Dynamic effects may be larger on this long timescale, and they are not considered here.
2. An IMS kinetic study of deprotonated dinucleotides indicates that breaking an intramolecular interaction of ≤4 kcal mol −1 is possible at room temperature within 1 ms. However, a barrier of >12 kcal mol −1 is not easily overcome under the same conditions.
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3. In line with this kinetic study, we find, based on further IMS work, that macromolecular ions are overall remarkably static in the gas phase at room temperature on the millisecond timescale, as evidenced by distinct arrival time distribution (ATD) peaks representing different conformations that do not interconvert during the experiment.
4. Consequently, solution-like structures of peptides and the native state of proteins can survive the electrospray ionization (ESI) process and can be stable in the gas phase for milliseconds at room temperature. However, care must be taken both in experimentally forming and analyzing the ions and in interpreting the results.
5. Solution-like structures can be lost by collisional activation in the gas phase. For peptides, activation can lead to an equilibrium population of annealed gas-phase structures independent of the starting conformation before activation.
6. Aggregates, such as oligomers involved in amyloid formation, generally form in solution by the noncovalent interaction of hydrophobic residues. These structures generally exclude water solvent in solution and thus generally retain their solution-based structural motifs when sprayed, captured, and analyzed by careful IMS-MS experiments.
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